We demonstrate a simple and efficient optical coupler for vertical coupling between optical fibers and InP-based waveguides using a slant-etched mirror. The angle of the etched mirror can be controlled by using an aluminum jig with a beveled surface inserted under the substrate during RIE (reactive ion etching) of InP/InGaAsP. The offchip coupler is fabricated simultaneously with a high-mesa waveguide with only one etching process. Coupling loss of 7.3 dB between the tapered single-mode fibers is obtained within the wavelength of 1530-1570 nm.
Introduction
The information traffic is rapidly growing due to the cloud computing therefore, high capacity transmission is needed in the optical communication network. Although the wavelength division multiplexing (WDM) technology is widely used in the present optical communication network, injectable optical power into a single mode fiber (SMF) is limited by the maximum light intensity. For this reason, multicore fibers (MCFs) for the space-division multiplexing technology are expected to be a candidate to expand the optical traffic capacity [1] . Meanwhile, III-V semiconductors have been used in optical devices such as laser diodes, optical modulators and optical switches. Photonic integrated circuits (PICs) are expected to achieve the compact and high capacity optical communication. When it comes to optical coupling between MCFs and PICs, conventional edge-emitted PICs cannot be directly coupled with the MCF, therefore it requires additional pig-tail SMFs, which may increase packaging costs. Vertical optical couplers in the PICs enable the direct coupling between MCFs and PICs. Vertical optical coupler with grating is the standard technique in the high Δ silicon waveguide [2], but, InP-based grating couplers still have technical challenges to cope with because the difference of the refractive indices between the InGaAsP core and the InP cladding is no greater than 0.24. Membrane grating coupler on the core has also been proposed [3] , but this grating coupler is mechanically unstable. Slanted grating coupler has also been proposed [4] , but these grating couplers may suffer from a narrow wavelength window because of their periodic structure.
In this paper, we propose and demonstrate a simple and efficient vertical optical coupler which has an angled mirror fabricated by the inductively coupled plasma reactive ion etching (ICP-RIE). Coupling loss of 7.3 dB to a tapered single-mode fiber was obtained within the wavelength of 1530 nm-1570 nm. By using the vertical optical coupler, optical coupling of high efficiency and low wavelength dependency becomes possible between PICs and MCFs as shown in Fig. 1 .
Device design and simulation of slanted etching
The right inset of Fig. 1 shows a schematic of the proposed vertical coupler. The device consists of a high-mesa structured InP/InGaAsP waveguide and a 45 • -slanted facet at the end of the waveguide. A propagating light to the high-mesa waveguide experiences a total internal reflection at the slanted edge and is redirected out in the direction normal to the InP substrate. The high-mesa structure and the slanted mirror are fabricated together by only one-step dry etching process. In our previous report [5] , two aluminum jigs with a 45 • -slanted slope are used for the slanted etching. The effect of the jig profile on the etching result has been confirmed by the electric potential field simulation in the parallel gap using the finite element method (FEM) [6] . We used the Lieverman's sheath model by assuming the Maxwell distribution of electron temperature to be 2.5 V, electron density of 5 × 10 9 cm −3 , ion temperature of 0 degree C, average molecular mass of 23.4 estimated from the gas flow Ar at 8-sccm, Cl 2 2-sccm and He 8-sccm as we used for the experiment. To simplify the calculation model, we assumed a use of RIE of the parallel planar type, where 100 Vdc is applied, and set two aluminum jigs with a 45 • -slope and a 350-μm-thick InP substrate as shown in Fig. 2 (a) . Fig. 2 (b) and (c) show the electric potential distribution and ion trajectory in the calculation model. The ion trajectories around the jigs are curved at near the jig edges as shown in Fig. 2 (b) , due to the large dielectric constant of aluminum. The reactive ions under this condition are therefore absorbed in the aluminum as shown in Fig. 2 (c) . The most of reactive neutral molecules are shielded within the gap, and hence, the remained reactive neutral molecules, which follow the ion trajectory in the gap impinge into the InP substrate to form a slanted etching. Fig. 3 shows the fabrication process of the vertical optical coupler. Firstly a 1.2-μm-thick SiO 2 was sputtered on the substrate as a hard mask, followed by a photolithography step to make a waveguide pattern. A CHF 3 -based dry etching was performed to transfer the waveguide pattern into the SiO 2 hard mask. Next, an Ar/Cl 2 -based dry etching was done on the sample which was set on the SiO 2 -coated aluminum jigs, resulting in the formation of the slanted mirrors on the waveguide edges. Target etching depth was 2.0 μm, and thus the fabricated waveguide became a high-mesa structure. Therefore, the waveguide and vertical coupler could be fabricated in only one etching process. over the substrate depending upon the location on the jig. The etching rate D and angle θ are plot as a function of the distance x measured from the top of the jig as shown in Fig. 5 . The top (small x) region of the sample has large etching rate and large etching angle due to the relatively many plenty of reactive species, as mentioned in the previous section. On the other hand, small etching rate and lower etching angle are observed near the bottom part of the jig due to the shield effect of the upper jig. As a result, etching rate and etching angle could be tailored by choosing an appropriate position on the slope to place the chip.
Fabrication

Optical measurement
We measured the characteristics of the fabricated device by using optical measurement setup shown in the Fig. 6 (a) . The waveguide width and length of the measured device was 3.5 μm and 1.0 mm respectively, and the angle of slanted mirror was 50 • . We injected a 1550 nm wavelength light using a tunable laser diode (TLD) through a tapered SMF. The polarization state and the power of the input light were set to the TE mode and +0 dBm at the facet, respectively, by using a polarization controller (PC) and a variable optical attenuator (VOA). At the output side, both the tapered SMF and a cleaved SMF (core: 10.5 μm) were used in substitution for MCFs.
The fiber to fiber losses of this device at 1550 nm were 13.3 dB and 19.8 dB for tapered SMF and cleaved SMF, respectively. The result included the propagation loss in the waveguide, the coupling loss at the edge facet, and the coupling loss at the vertical output. We also measured the propagation loss of the high mesa type waveguide without angled mirror by using FabryPérot measurement, the propagation loss was 1.0 dB/mm. The coupling loss between the input waveguide and the tapered SMF was estimated to be 5.0 dB. From these results, the coupling loss between the output fiber and the slanted coupler was then estimated to be 7.3 dB for tapered SMF and 13.8 dB for cleaved SMF. Fig. 6 (b) and, (c) show the tolerance characteristics of the fabricated device. By using of the cleaved SMF (tapered SMF) at the output, the fullwidth half-maximum (FWHM) of the tolerance width for ΔX and ΔZ were 5.5 μm (3.0 μm) and 5.6 μm (2.4 μm), respectively. The maximum coupling efficiency of the cleaved fiber was smaller than that of the tapered fiber, while the tolerance was found to have increased. Because the mode profile of the output light from the surface of the device was relatively small, similar to that of the edge-emitted mode profile. Coupling efficiency is expected to improve by introducing a lens structure on the InP-cladding to expand the mode size [7] . Fig. 7 shows the measured wavelength dependence of the device. Although the minuet Fabry-Pérot oscillation was observed, almost uniform output power was obtained over the C-band. 
Conclusion
We have successfully demonstrated the vertical optical coupler with slanted mirror on an InP substrate using a pair of etching jigs made of aluminum. The measured fiber-to-fiber loss (coupling loss at the vertical coupler) was less than 13.3 dB (7.3 dB) and 19.8 dB (13.8 dB) in the case of tapered SMF and cleaved SMF, respectively. From the tolerance measurement of the output fiber, the FWHM of the output power was 5.5 μm and 5.6 μm in ΔX and ΔZ direction by using the cleaved SMF. Furthermore, we also have confirmed the broadband operation over the C-band. The fabrication method presented here matches extremely with photonic integrated circuits on InP in particular to realize a coupling to MCFs.
